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Abstract
The advent of nanotechnology has been the catalyst for considerable advances
in industries such as electronics and medicine. The unique physical properties ob-
served at the nanoscale has driven numerous investigations into their properties and
potential applications. This thesis investigates three aspects of nanotechnology, in
particular an alternative formulation for determining the intermolecular force be-
tween interacting molecules, nanostructures as nano-oscillators, and nanotubes for
applications in nanomedicine.
The intermolecular forces between two interacting nanostructures are typically
obtained by either summing over all the individual atomic interactions in the dis-
crete atom-atom formulation or by using a continuum approach, for which the atoms
are assumed to be uniformly distributed over the surface of each molecule. The con-
tinuum approach enables highly complicated molecular interactions to be modelled
in much less time than the equivalent discrete atom-atom formulation, which can be
extremely time consuming. However, a constraint on the continuum approach is that
it is mostly applicable to highly symmetrical structures. Motivated by the recent
advances in nanotechnology for drug delivery, a hybrid discrete-continuum formu-
lation is proposed in this thesis, for which only one of the interacting molecules is
discretized and the other is considered to be continuous. The hybrid formulation
enables non-regular shaped molecules, such as drugs, to be modelled and this is
particularly useful for drug delivery systems which employ carbon nanotubes as car-
riers. In a limited comparison the hybrid formulation is shown to compare well to
both the discrete atom-atom and continuum formulations.
The discovery of carbon nanostructures, such as carbon nanotubes, has gener-
ated considerable interest for potential nanomechanical and nanomedical applica-
tions. One such device is the high frequency nanoscale oscillator or ‘gigahertz oscil-
lator’. Following the concept of these gigahertz oscillators and the recent discovery
of toroidal carbon nanotubes or ‘nanotori’, this thesis examines the mechanics of
three nano-oscillators constructed from nanotori. In particular, this thesis investi-
gates the C60-nanotorus orbiter which comprises a C60 fullerene orbiting around the
inside of a nanotorus. Following this, the nanotorus-nanotube oscillator is examined
which comprises a carbon nanotorus which is sucked by van der Waals forces onto
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the carbon nanotube, and subsequently oscillates along the nanotube axis. Finally,
the carbon nanotorus-nanosector orbiter is investigated, in which a small sector of
nanotorus orbits around the inside of a second seamless nanotorus of larger radius.
These nanotori-based oscillators or orbiters are yet to be constructed and the pur-
pose is to assess their feasibility by examining the dominant mechanics.
One of the most exciting applications of nanotechnology is the proposed use
in drug delivery, and in particular the targeted delivery of drugs using nanotubes.
This means of targeted delivery would have significant implications for the future
treatment of patients, particularly those suffering from cancer. Understanding the
encapsulation and expulsion of drug molecules from nanocarriers is vital for the de-
velopment of nanoscale drug delivery. This thesis examines theoretically the loading
of molecular cargo into single-walled nanotubes, and the mechanics of a proposed
nanosyringe which could be used to directly deliver drugs to cells. In particular,
this thesis investigates the suction and acceptance of the anticancer drug molecules
cisplatin, paclitaxel and doxorubicin into a carbon nanotube, and the effect on the
encapsulation behaviour of alternative nanotube materials, which may be more bio-
compatible. In particular, the materials boron nitride, silicon and boron carbide are
investigated and compared to the corresponding analysis for the carbon nanotube.
Finally, an alternative drug delivery mechanism is investigated, namely a proposed
nanosyringe constructed from a double-walled carbon nanotube. For each of these
nanomedical applications specific nanotube radii are determined for acceptance and
maximum drug uptake, and some overall design guidelines are provided.
In summary, the original contributions contained in this thesis are: the develop-
ment of the hybrid discrete-continuous method; the concepts of the C60-nanotorus,
nanotorus-nanotube and nanotorus-nanosector oscillators; the first mathematical
examination for the encapsulation of drug molecules into nanotubes; and the con-
cept of a double-walled carbon nanosyringe. These nanomechanical and nanomed-
ical applications of nanostructures present exciting possibilities, but there are many
practical challenges that need to be overcome before these nanodevices can be real-
ized. However, this thesis presents a theoretical study which might facilitate their
future development.
iii
Contents
I Introduction 1
1 Overview 2
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.1 Hybrid formulation for intermolecular interactions . . . . . . . 3
1.1.2 Nanotori oscillators . . . . . . . . . . . . . . . . . . . . . . . . 4
1.1.3 Nanotubes for nanomedical applications . . . . . . . . . . . . 5
1.2 Thesis structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2 Interaction energy 8
2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 Atomic interaction potentials . . . . . . . . . . . . . . . . . . . . . . 11
2.3.1 Acceptance and suction . . . . . . . . . . . . . . . . . . . . . 14
2.4 Discrete versus continuous . . . . . . . . . . . . . . . . . . . . . . . . 17
2.5 Continuous versus hybrid discrete-continuous . . . . . . . . . . . . . . 19
2.5.1 Interaction of C60 fullerene with a carbon nanotube . . . . . . 23
2.5.2 Interaction of C70 and C80 fullerenes with a carbon nanotube . 24
2.5.3 Suction energy for C60, C70 and C80 . . . . . . . . . . . . . . . 26
2.5.4 Interaction of double-walled carbon nanotubes . . . . . . . . . 27
2.6 Application of the hybrid discrete-continuum approach . . . . . . . . 28
2.6.1 Water molecule entering a carbon nanotube . . . . . . . . . . 29
2.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
iv
II Nanotori oscillators 37
3 Introduction to nano-oscillators 38
3.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2 Nanoscale oscillators . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.3 Toroidal molecules . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.4 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4 Orbiting atoms and C60 fullerenes inside carbon nanotori 48
4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.2 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.3 Mechanical considerations . . . . . . . . . . . . . . . . . . . . . . . . 50
4.3.1 Force balance for orbiting motion . . . . . . . . . . . . . . . . 50
4.3.2 Initial orbiting velocity . . . . . . . . . . . . . . . . . . . . . . 52
4.4 Equilibrium of offset atom . . . . . . . . . . . . . . . . . . . . . . . . 52
4.5 Equilibrium of C60 fullerene . . . . . . . . . . . . . . . . . . . . . . . 58
4.6 Orbiting velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5 Oscillating carbon nanotori along carbon nanotubes 69
5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
5.2 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.3 Stability condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.4 Nanotorus-nanotube interaction energy . . . . . . . . . . . . . . . . . 72
5.5 Interaction of nanotorus with the carbon nanotube . . . . . . . . . . 77
5.6 Oscillation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
6 Orbiting nanosectors inside carbon nanotori 83
6.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
6.2 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
6.3 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
6.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 87
6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
v
III Nanotubes for drug delivery 91
7 Introduction to targeted drug delivery using nanotubes 92
7.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
7.2 Biocompatibility and Toxicology . . . . . . . . . . . . . . . . . . . . . 97
7.3 Functionalization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
7.3.1 Improvement of Biocompatibility and Toxicity . . . . . . . . . 100
7.3.2 Targeting Specific Cells . . . . . . . . . . . . . . . . . . . . . . 103
7.4 Uptake Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
7.4.1 Energy-Dependent Uptake . . . . . . . . . . . . . . . . . . . . 105
7.4.2 Energy-Independent Uptake . . . . . . . . . . . . . . . . . . . 108
7.4.3 Alternative Means of Achieving Uptake . . . . . . . . . . . . . 109
7.5 Cargo Loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
7.5.1 Chemical Attachment . . . . . . . . . . . . . . . . . . . . . . . 110
7.5.2 Insertion or Suction . . . . . . . . . . . . . . . . . . . . . . . . 112
7.6 Cargo Unloading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
7.7 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
8 Modelling the encapsulation of the anticancer drug cisplatin into
carbon nanotubes 120
8.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
8.2 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
8.3 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
8.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 126
8.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
9 Encapsulation efficiency: loading paclitaxel and doxorubicin into
carbon nanotubes 134
9.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
9.2 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
9.3 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
9.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 141
9.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
vi
10 Alternative nanotube materials for drug delivery 148
10.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
10.2 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
10.3 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
10.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 154
10.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
11 Double-walled nanotubes as nanosyringes 158
11.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
11.2 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
11.3 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
11.3.1 Nanosyringe system design. . . . . . . . . . . . . . . . . . . . 160
11.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 163
11.4.1 Suction into the outer nanotube. . . . . . . . . . . . . . . . . 163
11.4.2 Expulsion from outer nanotube. . . . . . . . . . . . . . . . . . 166
11.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
IV Conclusion 172
12 Concluding remarks 173
12.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
12.1.1 Hybrid formulation for intermolecular interactions . . . . . . . 173
12.1.2 Nanotori oscillators . . . . . . . . . . . . . . . . . . . . . . . . 174
12.1.3 Nanotubes for nanomedical applications . . . . . . . . . . . . 176
V Appendices and Bibliography 178
A Evaluation of Jm,n defined by (2.16) 179
A.1 Appell’s hypergeometric functions . . . . . . . . . . . . . . . . . . . . 179
A.2 Elliptic integrals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
B Evaluation of In defined by (4.6) 182
C Interaction energy for the fullerene and an arbitrary surface 184
vii
D Derivation of (5.2) 186
E Glossary of biological terms 187
Bibliography 190
List of the author’s publications 206
viii
List of Figures
2.1 Schematic of the coordinate system . . . . . . . . . . . . . . . . . . . 12
2.2 Typical interaction force . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3 Typical interaction energy . . . . . . . . . . . . . . . . . . . . . . . . 16
2.4 Schematic of interaction force . . . . . . . . . . . . . . . . . . . . . . 17
2.5 General offset atom and a carbon nanotube . . . . . . . . . . . . . . 20
2.6 C60 force for hybrid discrete-continuous and continuous . . . . . . . . 25
2.7 C70 energy for hybrid discrete-continuous and continuous . . . . . . . 26
2.8 C70 force for hybrid discrete-continuous and continuous . . . . . . . . 27
2.9 C80 energy for hybrid discrete-continuous and continuous . . . . . . . 28
2.10 C80 force for hybrid discrete-continuous and continuous . . . . . . . . 29
2.11 Suction energy for hybrid discrete-continuous and continuous . . . . . 30
2.12 Interaction force for single water molecule and carbon nanotube . . . 33
2.13 Acceptance energy against nanotube radius for a single water molecule 34
2.14 Suction energy against nanotube radius for a single water molecule . 35
3.1 Chirality and the chiral vector . . . . . . . . . . . . . . . . . . . . . . 39
3.2 Controlled and reversible extrusion of biwalled nanotube [52] . . . . . 40
3.3 HRTEM image of nanopeapod [57] . . . . . . . . . . . . . . . . . . . 42
3.4 SFM of a ‘crop circle’ [17] . . . . . . . . . . . . . . . . . . . . . . . . 44
3.5 Theoretical toroidal molecule [64] . . . . . . . . . . . . . . . . . . . . 46
4.1 Forces on an offset carbon atom orbiting inside a nanotorus . . . . . . 51
4.2 Torus and its coordinate frame definition . . . . . . . . . . . . . . . . 53
4.3 Lennard-Jones energy against atom offset position . . . . . . . . . . . 57
4.4 Centrifugal energy against atom offset angle . . . . . . . . . . . . . . 58
4.5 Gravitational energy against atom offset angle . . . . . . . . . . . . . 59
ix
4.6 Lennard-Jones energy against buckyball position . . . . . . . . . . . . 64
4.7 Angular velocity against buckyball position . . . . . . . . . . . . . . . 66
5.1 Cross-section of nanotorus offset from nanotube axis . . . . . . . . . . 71
5.2 Nanotorus oscillating along the exterior of a nanotube . . . . . . . . . 74
5.3 Lennard-Jones potential energy against nanotorus position . . . . . . 78
5.4 Axial interaction force against nanotorus position . . . . . . . . . . . 79
5.5 Frequency of oscillation for nanotorus against nanotube radius . . . . 81
5.6 Frequency of oscillation for nanotorus against nanotorus ring radius . 82
6.1 A sector of torus oscillating inside a nanotorus . . . . . . . . . . . . . 85
6.2 Interaction energy for a nanosector and nanotorus . . . . . . . . . . . 88
7.1 Outline of the proposed drug delivery process . . . . . . . . . . . . . 96
7.2 Biodistribution of pristine single-walled carbon nanotubes at different
time points after exposure [105] . . . . . . . . . . . . . . . . . . . . . 99
7.3 The dose-response relationship of functionalized nanotubes [109] . . . 101
7.4 Schematic of main features of the endocytotic process . . . . . . . . . 106
7.5 Confocal images of cells after incubation in cytochrome c-single-walled
carbon nanotubes [22] . . . . . . . . . . . . . . . . . . . . . . . . . . 107
7.6 Single-walled carbon nanotube-tethered platinum(IV) conjugate [122] 112
7.7 Schematic of general filling process of nanotubes with particles [95] . 113
7.8 Doxorubicin retained on the single-walled carbon nanotubes [90] . . . 115
7.9 Temperature evolution for an ex vitro control experiment [77] . . . . 116
7.10 Schematic of the nanoinjection procedure [101] . . . . . . . . . . . . . 117
8.1 Schematic of cisplatin entering a carbon nanotube . . . . . . . . . . . 125
8.2 Force for cisplatin entering a carbon nanotube with orientation (i) . . 126
8.3 Force for cisplatin entering a carbon nanotube with orientation (ii) . 127
8.4 Force for cisplatin entering a carbon nanotube with orientation (iii) . 128
8.5 Energy for cisplatin entering a carbon nanotube with orientation (i) . 129
8.6 Energy for cisplatin entering a carbon nanotube with orientation (ii) . 130
8.7 Energy for cisplatin entering a carbon nanotube with orientation (iii) 131
8.8 Acceptance energy for cisplatin entering a carbon nanotube . . . . . . 132
x
8.9 Suction energy of cisplatin into a carbon nanotube . . . . . . . . . . . 133
9.1 Chemical structure of paclitaxel . . . . . . . . . . . . . . . . . . . . . 134
9.2 Chemical structure of doxorubicin . . . . . . . . . . . . . . . . . . . . 135
9.3 Maximum suction and acceptance data for paclitaxel . . . . . . . . . 144
9.4 Maximum suction and acceptance data for doxorubicin . . . . . . . . 145
9.5 Probability density for suction and acceptance of paclitaxel, and dox-
orubicin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
9.6 Cumulative probability density for acceptance of paclitaxel, and dox-
orubicin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
10.1 Atomic arrangement for sheet of boron nitride, and boron carbide . . 153
10.2 Comparison of nanotube materials acceptance and suction . . . . . . 155
11.1 Double-walled nanotube nanosyringe . . . . . . . . . . . . . . . . . . 159
11.2 Key stages of the proposed nanosyringe system . . . . . . . . . . . . 161
11.3 Nanosyringe configurations for suction and expulsion of a molecule . . 162
11.4 Interaction force and energy for C60 fullerene and nanosyringe . . . . 164
11.5 Acceptance energy for C60 fullerene and cisplatin . . . . . . . . . . . 166
11.6 Distance from the inner nanotube end with inner tube radius . . . . . 167
11.7 Interaction energy after inner tube release . . . . . . . . . . . . . . . 168
C.1 Fullerene interacting with an arbitrary surface . . . . . . . . . . . . . 184
xi
List of Tables
2.1 General constants used in this thesis . . . . . . . . . . . . . . . . . . 12
2.2 Lennard-Jones constants for graphitic systems . . . . . . . . . . . . . 13
2.3 Double-walled carbon nanotube model comparison . . . . . . . . . . . 28
2.4 Overview of differences for particular geometries. . . . . . . . . . . . 36
5.1 Geometric parameters providing stability . . . . . . . . . . . . . . . . 73
6.1 Nanotorus-nanosector dimensions and oscillatory frequencies . . . . . 88
8.1 Chemical symbols and corresponding chemical names . . . . . . . . . 124
8.2 Lennard-Jones force constants . . . . . . . . . . . . . . . . . . . . . . 124
8.3 Approximate modified Lennard-Jones constants. . . . . . . . . . . . . 124
8.4 Average dimensions of cisplatin . . . . . . . . . . . . . . . . . . . . . 125
9.1 Lennard-Jones constants . . . . . . . . . . . . . . . . . . . . . . . . . 139
9.2 Acceptance and suction data for paclitaxel and doxorubicin . . . . . . 142
9.3 Equations fitting the numerical data for paclitaxel and doxorubicin . 143
9.4 Mean and standard deviation for curve fitted data . . . . . . . . . . . 143
10.1 Lennard-Jones constants . . . . . . . . . . . . . . . . . . . . . . . . . 153
10.2 Chemical symbols and corresponding chemical names . . . . . . . . . 154
10.3 Comparison of nanotube materials acceptance radius . . . . . . . . . 154
10.4 Comparison of nanotube materials radius at maximum suction . . . . 156
xii
